The ratio of global mean surface air temperature change to cumulative CO 2 emissions, referred to as transient climate response to cumulative CO 2 emissions (TCRE), has been shown to be approximately constant on centennial time scales. The mechanisms behind this constancy are not well understood, but previous studies suggest that compensating effects of ocean heat and carbon fluxes, which are governed by the same ocean mixing processes, could be one cause for this approximate constancy. This hypothesis is investigated by forcing different versions of the University of Victoria Earth System Climate Model, which differ in the ocean mixing parameterization, with an idealized scenario of 1% annually increasing atmospheric CO 2 until quadrupling of the preindustrial CO 2 concentration and constant concentration thereafter. The relationship between surface air warming and cumulative emissions remains close to linear, but the TCRE varies between model versions, spanning the range of 1.28-2.18C EgC 21 at the time of CO 2 doubling. For all model versions, the TCRE is not constant over time while atmospheric CO 2 concentrations increase. It is constant after atmospheric CO 2 stabilizes at 1120 ppm, because of compensating changes in temperature sensitivity (temperature change per unit radiative forcing) and cumulative airborne fraction. The TCRE remains approximately constant over time even if temperature sensitivity, determined by ocean heat flux, and cumulative airborne fraction, determined by ocean carbon flux, are taken from different model versions with different ocean mixing settings. This can partially be explained with temperature sensitivity and cumulative airborne fraction following similar trajectories, which suggests ocean heat and carbon fluxes scale approximately linearly with changes in vertical mixing.
Introduction
Recent literature has shown an approximately linear relationship between global warming and cumulative CO 2 emissions Allen et al. 2009; Eby et al. 2009 ). The ratio between global mean temperature change and cumulative emissions is referred to as transient climate response to cumulative CO 2 emissions (TCRE) but has also been called carbon-climate response (CCR) in earlier literature (e.g., Matthews et al. 2009) . A useful application of the approximate constancy of the TCRE, especially for climate policy, is setting total allowable cumulative emissions to meet global warming targets Raupach et al. 2014) . The Fifth Assessment Report of the Intergovernmental Panel on Climate Change gives a range for the TCRE of 0.88-2.58C (1000 PgC) 21 based on results from phase 5 of the Coupled Model Intercomparison Project (CMIP5) models and observational constraints (Collins et al. 2013; Frölicher and Paynter 2015) . The TCRE differs between models as it includes both the physical and biogeochemical uncertainties of the models, which makes it a useful benchmark for model intercomparison (Collins et al. 2013; Bindoff et al. 2013 ).
For any one specific model the TCRE is approximately constant over time and across CO 2 emissions with certain limitations to that constancy for different models. The limits of this approximate constancy have been studied in terms of cumulative CO 2 emissions and emission rates. Earlier studies suggest strongest divergence from a constant value occurs under very low cumulative emissions (,1000 PgC) because the signalto-noise ratio is too low (Gillett et al. 2013 ) and very high cumulative emissions (.3000 PgC) because the effect of saturating radiative forcing is stronger than the saturation of carbon sinks (Gillett et al. 2013; Herrington and Zickfeld 2014) . However, a recent study suggests that a large decrease in the TCRE for high cumulative emissions is only associated with some models of intermediate complexity, and the TCRE remains close to constant for most models [including the University of Victoria (UVic) Earth System Climate Model (ESCM)] for cumulative emissions of up to 5000 PgC (Tokarska et al. 2016 ). The TCRE is also not constant for stabilization of the climate system over several thousand years (Collins et al. 2013; Frölicher and Paynter 2015) . In some models the TCRE is also not constant under very high emissions rates, like an instantaneous quadrupling of preindustrial atmospheric CO 2 concentrations (Gillett et al. 2013) . Additionally, the TCRE may vary to second order for some models with emission rate. Krasting et al. (2014) find that the TCRE is highest for low and high emission rates (2 and 25 PgC yr 21 ) but is lower for current emission rates (5-10 PgC yr 21 ), while Herrington and Zickfeld (2014) find a decrease in TCRE with increasing emissions rates. Thus the TCRE may be scenario dependent in some climate models, but these variations are smaller than intermodel variation in the TCRE (Krasting et al. 2014; Herrington and Zickfeld 2014; Leduc et al. 2015) . Zickfeld et al. (2016) show that the TCRE is not constant when positive CO 2 emissions are followed by netnegative CO 2 emissions because of the lagged response of the deep ocean. The physical explanation for the approximate constancy of the TCRE remains under discussion and different explanations have been proposed. Matthews et al. (2009) separate the TCRE into airborne fraction of cumulative CO 2 emissions (change in atmospheric carbon burden per unit change in cumulative emissions) and temperature change per unit change in atmospheric carbon burden. Using these two ratios, Matthews et al. (2009) explain the constancy TCRE with two cancellation processes: First, the approximate constancy of the TCRE across scenarios is due to the cancellation of an increase in the airborne fraction of cumulative emissions with increase in emission rate, which means more warming, and a saturation of radiative forcing from CO 2 with increasing atmospheric CO 2 , which means less warming. The cumulative airborne fraction increases at higher emissions because the carbon uptake rate by land and ocean decreases. Second, the approximate temporal constancy of the TCRE is due to the cancellation of a decrease in airborne fraction of cumulative emissions over time (i.e., less warming) and an increase in temperature change per unit change in atmospheric CO 2 , meaning more warming. Matthews et al. (2009) and Solomon et al. (2009) suggest that the second cancellation process could be due to ocean heat and carbon fluxes being determined by the same deep ocean mixing processes. Goodwin et al. (2015) show a cancellation over time of the sensitivity of surface warming to radiative forcing and the sensitivity of radiative forcing to cumulative emissions due to compensating effects of ocean heat and carbon fluxes on the climate. The sensitivity of surface warming to radiative forcing increases over time as a result of decreasing ocean heat uptake per unit radiative forcing (i.e., more warming). At the same time, the sensitivity of radiative forcing to cumulative emissions decreases over time because the radiative forcing is directly proportional to undersaturated oceanic carbon, and oceanic carbon content gets closer to equilibrium with the atmospheric carbon content. It should be noted that Goodwin et al. (2015) focus their discussion on the time after emissions are set to zero, when the climate system is not externally forced anymore and approaches equilibrium (i.e., ocean heat and carbon fluxes are declining). Another study by Williams et al. (2016) expands the Goodwin et al. (2015) approach to simulations that include non-CO 2 forcers along with CO 2 forcing. Williams et al. (2016) find close to constant but slightly increasing TCRE for two Earth system models on long time scales. On decadal time scales they find strong temporal variations in the TCRE resulting from non-CO 2 forcers.
MacDougall and Friedlingstein (2015) suggest that for constant CO 2 emission rates, the cumulative airborne fraction is approximately constant over time and that the constancy of the TCRE is due to the cancellation within the physical response of the climate system. They argue that the decline in ocean heat flux rate over time and diminished radiative forcing per unit atmospheric CO 2 increase have opposite effects on temperature and cancel each other out. A constant cumulative airborne fraction does not seem plausible as this would imply a constant temperature change per unit change in atmospheric CO 2 , which has been shown to not be the case (Gregory et al. 2015) . Other studies using the same climate model further showed an increase in cumulative airborne fraction over time, especially for higher constant emission rates (Herrington and Zickfeld 2014; Leduc et al. 2015) . For exponentially increasing CO 2 emission rates over time, MacDougall and Friedlingstein (2015) suggest that while emission rates increase the ocean heat uptake rate increases, which has a cooling effect, and the ocean carbon uptake fraction (change in ocean carbon per cumulative emissions) declines, which leads to a higher cumulative airborne fraction of CO 2 and thus higher radiative forcing and more warming. They conclude that their finding supports the hypothesis of the TCRE being constant as a result of ocean heat and carbon fluxes being governed by the same process of deep ocean mixing. However, the role of ocean heat flux in the constancy of the TCRE is not addressed in depth.
The commonly given hypothesis of the same mechanism governing ocean heat and carbon fluxes causing an approximately constant TCRE can be questioned as there are important differences in the location and magnitude of ocean heat and carbon fluxes and the processes by which they are affected. For example, under a warming climate, changes in ocean circulation affect ocean heat storage more strongly than ocean carbon storage because changes in ocean circulation shift ocean heat uptake to higher latitudes, which increases the cooling effect of the heat flux. Global redistribution of ocean carbon, on the other hand, has no effect on ocean carbon uptake (Winton et al. 2013) . This is partially due to the different boundary conditions for ocean heat and carbon uptake; atmospheric surface temperature has a strong meridional gradient whereas atmospheric CO 2 is equally distributed over the globe. Furthermore, only ocean carbon flux is directly affected by marine biology and carbonate chemistry. Additionally, the seaair equilibration time scale is around nine months for carbon but only less than a month for heat (Frölicher et al. 2015) .
To gain further understanding of the physical and biogeochemical processes determining the constancy of the TCRE, the effect of ocean mixing parameterization on ocean heat and carbon fluxes and, in turn, on the TCRE is explored in this study. Ocean mixing from small-scale circulation processes, which cannot be resolved in climate models, must be parameterized. Changing this ocean mixing parameterization will affect how tracers, such as heat and carbon, are distributed within the ocean and at the ocean surface, which in turn affects ocean heat and carbon uptake. This study will also explore the sensitivity of the TCRE to ocean mixing, which may be helpful in explaining the differences in the TCRE between models.
Section 2a describes the model used, section 2b introduces the performed simulations, and section 2c explains the analytic framework applied to the simulation results. The results of the model simulations are presented in section 3, including a discussion of the effect of ocean mixing on ocean heat and carbon fluxes, differences in the TCRE between mixing settings, and the temporal evolution of the TCRE. Section 4 presents our conclusions.
Methods

a. Model description
For this study the University of Victoria (UVic) Earth System Climate Model, version 2.9 (ESCM 2.9), was used. It consists of the following coupled components: a fully dynamic ocean circulation model, an energymoisture balance atmosphere model, a dynamicthermodynamic sea ice model, and a land surface and terrestrial vegetation model. It also includes land, ocean, and ocean sediment carbon cycle components. All components have a resolution of 1.88 (meridional) 3 3.68 (zonal). Because of the simple atmosphere, this model is considered to be an Earth system model of intermediate complexity ).
The atmosphere is represented by a vertically integrated energy-moisture balance model. It includes water vapor feedback, planetary longwave radiative feedback, and dynamic wind feedbacks but no cloud feedbacks. Clouds are however represented in the atmosphere's albedo.
The land is modeled via a simplified version of the land surface scheme Met Office Surface Exchange Scheme (MOSES) (Meissner et al. 2003; Cox et al. 1999) , which is coupled to the dynamic vegetation model Top-down Representation of Interactive Foliage and Flora Including Dynamics (TRIFFID) (Cox 2001 ). The ocean is represented via the Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean Model, version 2.2 (MOMv2.2), which is a 3D general circulation model. It consists of 19 layers with variable thickness, ranging from 50 m at the top to 518 m at the bottom, and a total depth of 5396 m ). The ocean model is coupled to a dynamic-thermodynamic sea ice model, wherein sea ice is affected by ocean dynamics, atmospheric wind fields, and phase transitions . Furthermore, the ocean module includes inorganic and organic carbon cycle components. The inorganic carbon component mainly describes the change in inorganic ocean carbon from sea-air carbon flux and precipitation/evaporation, transport, and seawater carbon chemistry (Ewen et al. 2004) . The organic cycling of carbon is modeled via a marine ecosystem model that includes nutrient supply, phytoplankton, zooplankton, and detritus (NPZD) (Schmittner et al. 2005) . Sediment processes are represented using an oxic-only model of sediment respiration (Archer 1996) .
Ocean mixing is described via momentum diffusivity (or viscosity) and tracer diffusivity ). In the following, ocean mixing always refers to the mixing of tracers. This tracer mixing can be described either in horizontal (vertical) or isopycnal (along surface of constant density) (diapycnal) direction. Either a horizontal-or an isopycnal-mixing scheme can be used, which accounts for diffusion along isopycnals, also referred to as Redi diffusion. A parameterization for mesoscale eddies, Gent-McWilliams thickness diffusion (Gent and McWilliams 1990; Weaver et al. 2001) , can be added to the isopycnal-mixing scheme. The GentMcWilliams thickness diffusivity accounts for mixing resulting from baroclinic instability in areas where isopycnals are tilted.
Because of isopycnal slope limitations in the ocean model, there is no practical difference between vertical and diapycnal mixing, and so a vertical mixing scheme is always applied. The vertical tracer diffusivity can be described with three different schemes: 1) vertically and laterally constant, 2) increasing with depth but laterally constant (Bryan-Lewis parameterization; Weaver et al. 2001) , and 3) tidal mixing scheme, where mixing resulting from the dissipation of tidal energy at topography is added to the constant background diffusion parameter (Schmittner et al. 2005 ) ).
b. Experiment design
Different model versions were generated by changing the ocean mixing parameterization for tracer mixing (Table 1 ). The ocean mixing parameters are chosen to achieve an alteration of the ocean fluxes that is as large as possible while keeping the model stable and not necessarily to use parameters that closely reproduce observed ocean tracer distributions. However, to ensure the model does not transition into a different ocean circulation state we monitored the location of deepwater formation. The default vertical mixing scheme in the UVic ESCM is the Bryan-Lewis parameterization, which has lower vertical diffusivity k y in the upper ocean and higher vertical diffusivity in the deeper ocean. When moving to higher or lower parameter values, the shape of the curve of k y over depth was maintained but the curve was shifted to higher or lower values by changing the values of the vertical mixing parameter k y as shown in Table 1 . Values were set to a range between 0.1 (upper ocean) and 1.5 cm 2 s 21 (deep ocean), but the difference between lower and upper value of k y was maintained. Different model versions were created by changing to a vertically constant mixing parameter and varying this parameter between 0.05 and 1.0 cm 2 s 21 or by using the tidal mixing scheme (Schmittner et al. 2005) in which the background diffusion parameter k y,tidal was changed. The values for the background diffusivity in the tidal mixing scheme were chosen based on Schmittner et al. (2009) , Goes et al. (2010) , and Ross et al. (2012) with a range between 0.1 and 0.45 cm 2 s 21 .
Mixing along isopycnals was also varied. The parameter for diffusion along isopycnals and eddy thickness diffusion were changed individually and together between . Traditionally, parameters for both mixing types were set to the same value. However, recent studies suggest that the diffusion along isopycnals might be higher (as seen in measurements) than the eddy thickness diffusion (Gnanadesikan et al. 2015a ). Both lower eddy thickness diffusion and the same values for both parameters are used in this study.
All model versions are spun up for 6000 yr with prescribed constant atmospheric CO 2 concentration at preindustrial levels. Initialized from this preindustrial equilibrium state, all model versions are forced with a yearly 1% increase in atmospheric CO 2 levels up to a quadrupling of the preindustrial atmospheric CO 2 concentration (simulation years 0-139), followed by constant atmospheric CO 2 concentration (simulation years 140-1200). All other anthropogenic and natural forcings were held constant at preindustrial levels. As atmospheric CO 2 levels were prescribed, CO 2 emissions were diagnosed from the rate of increase in atmospheric CO 2 and land and ocean carbon fluxes.
For a comparison of the different climate states between the model versions the preindustrial global mean surface air temperature (SAT), maximum meridional overturning circulation (MOC), and ocean carbon storage are given in Table 1 . In the following all comparisons are made to the values for the default mixing setting. Strongest changes occur under changes in vertical mixing parameter but not mixing scheme. Increased vertical mixing leads to a higher global mean SAT, stronger MOC, and lower ocean carbon storage. A stronger MOC leads to less sea ice and a lower surface albedo, which in turn leads to higher temperatures. Increased mixing along isopycnals leads to negligible change in ocean carbon storage, global mean SAT, and MOC. Lower eddy thickness diffusivity leads to negligible changes in global mean SAT, slightly decreased ocean carbon storage, and a slightly increased MOC. When both mixing along isopycnals and eddy thickness diffusivity are increased, global mean SAT does not change but MOC and ocean carbon storage increase. The effects of changes in ocean mixing on the MOC are discussed in detail by Schmittner and Weaver (2001) . Though they used a different model, we observe similar effects of changes in mixing on the MOC. At the end of the spinup the global distribution of ocean heat uptake is similar between model versions, but the global distribution of ocean carbon uptake differs slightly (see Figs. S1 and S2 in the supplementary material). For low vertical mixing, irrespective of the mixing scheme, carbon uptake into the ocean increases relative to the model version with default mixing setting in the southern Pacific and Atlantic along a band between the southern tip of Africa, South America, and Australia. But parallel to this band is also an increase of carbon flux into the atmosphere from the ocean. Outgassing of carbon decreases in the equatorial Pacific with decreasing vertical mixing. Outgassing increases in the Southern Ocean, south of Australia, under increased isopycnal diffusivity.
c. Theoretical framework for the TCRE
To investigate which variables affect the TCRE and how these variables differ between model versions we write the TCRE as follows:
where DC A is the change in atmospheric carbon in petagrams of carbon (PgC), CE are the cumulative CO 2 emissions in PgC, RF is the radiative forcing in watts per square meter, and DT is the change in global mean surface air temperature in degrees Celsius. The airborne fraction of cumulative emissions DC A /CE can be rewritten as a function of the ocean carbon uptake fraction DC O /CE and land carbon uptake fraction DC L /CE using the carbon budget equation CE 5 DC A 1 DC O 1 DC L , where DC O and DC L are the change in ocean and land carbon reservoirs:
Using an energy balance equation for global mean temperature change,
where l is the feedback parameter in watts per square meter per degree Celsius and N is the net heat flux into the climate system in watts per square meter, the TCRE can be expressed as follows:
The first term in Eq. (4) is the cumulative airborne fraction (i.e., the fraction of cumulative CO 2 emissions that remains in the atmosphere and is not taken up by land and ocean sinks). The second term, RF/DC A , is the radiative forcing sensitivity to an increase in CO 2 in the atmosphere. The last term of Eq. (4), l
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[(1 2 (N/RF)], is the temperature sensitivity. If the radiative forcing is taken at the time of doubling of the preindustrial atmospheric CO 2 , this term multiplied with the radiative forcing is the transient climate response (TCR). The TCR describes the physical response of the climate system to CO 2 forcing and is a useful metric to compare the physical response of different climate models. Equation (4) shows the effect of ocean heat and carbon uptake on the TCRE. The TCRE depends directly on ocean heat uptake, but it also depends on the change in the land and ocean carbon reservoirs (i.e., the integrals of the carbon fluxes in and out of these reservoirs). (Figs. 1a,b) . In all simulations, globally averaged ocean heat and carbon uptake increase while atmospheric CO 2 levels rise and decrease after atmospheric CO 2 is stabilized. Increased vertical mixing leads to an increase in ocean heat and carbon uptake as higher vertical mixing increases the rate of mixing between the mixed layer and the deeper ocean (cf. highest and lowest vertical diffusion parameter for each mixing scheme; i.e., dark blue, dark purple, and green curves to light blue, light purple, and light green curves in Figs. 1a,b) . Deep ocean water is cold and less equilibrated with increasing atmospheric CO 2 levels, and thus heat and carbon uptake increase. Increased ocean heat and carbon uptake and a less stratified ocean due to increased vertical mixing have also been shown in other studies (Goes et al. 2010; Olson et al. 2012; Schmittner FIG. 1 . Global mean (a) ocean heat and (b) carbon fluxes for the model versions with different mixing settings, under increasing atmospheric CO 2 levels (years 0-139) and 50 yr of constant atmospheric CO 2 . Positive fluxes indicate uptake of heat or carbon by the ocean (i.e., a flux from the atmosphere into the ocean). Global mean (c) surface air temperature change relative to year 0 and (d) cumulative CO 2 emissions for the different model versions, under increasing atmospheric CO 2 levels (years 0-139) and 50 yr of constant atmospheric CO 2 . Model versions with higher ocean heat and carbon fluxes have lower warming and stronger increases in cumulative emissions. Changes in vertical mixing (blue and green curves) have a stronger effect on temperature change and cumulative emissions than changes in mixing along isopycnals (yellow and red curves) compared to the default setting (black curve). et al. 2009). However, these studies only used the tidal mixing scheme. If CO 2 emissions are prescribed and atmospheric CO 2 can evolve freely, increased ocean heat and carbon uptake as a result of increased vertical mixing have been shown to contribute equally to reduced warming ). Correspondingly, decreased vertical mixing results in decreased ocean heat and carbon uptake. Interestingly, ocean heat and carbon uptakes correlate linearly with the vertical mixing parameter within each mixing setting (Fig. 2) .
Lower eddy thickness diffusivity leads to increased overturning circulation (Gnanadesikan 1999) , which leads to slightly increased ocean heat and carbon uptake compared to the default setting (cf. yellow curve vs black curve in Figs. 1a,b) . Increased diffusivity along isopycnals leads to the smallest difference in heat and carbon uptake relative to the default setting compared to changes in the other mixing parameters, even though the relative changes in the diffusion parameter compared to the default setting are the strongest for the parameter of diffusion along isopycnals. A slightly higher increase in ocean carbon flux and slightly lower increase in ocean heat flux compared to the default setting can be observed (cf. red curve vs black curve in Figs. 1a,b) . Changes in ocean heat and carbon uptake, relative to the uptake in the default mixing setting, are opposite in sign, and the change in ocean carbon flux is stronger in magnitude than the change in ocean heat flux. One possible explanation for lower ocean heat uptake compared to the default setting under increased atmospheric CO 2 is that increased mixing along isopycnals leads to a warmer surface ocean at higher latitudes, which in some areas leads to an increase in ocean heat loss, especially in the North Atlantic. A meridional redistribution of temperature in the surface ocean affects ocean heat flux, but a redistribution of carbon does not affect ocean carbon flux because atmospheric temperature has a meridional gradient and atmospheric carbon is globally equally distributed. An explanation for the slight increase in ocean carbon uptake could be changes in marine biology. Simulations with increased isopycnal diffusivity show less carbon outgassing and increased net primary productivity rates in the upwelling regions of the east equatorial Pacific, as more nutrients are available at the surface. Thus, the increase in globally averaged ocean carbon uptake could be explained with changes in ocean biology, which only affects ocean carbon but not ocean heat uptake. Increased ocean carbon uptake under increased diffusivity along isopycnals, partially due to increased biological carbon storage, has also been found in another study using a complex Earth system model (Gnanadesikan et al. 2015b ). Increasing both mixing along isopycnals and eddy thickness diffusivity (simulation ''A h A thkdff 1600'') leads to a decline in both ocean heat and carbon uptake. Assuming that changes in ocean heat and carbon uptake resulting from variations in the eddy thickness diffusivity are symmetric, increased eddy thickness diffusivity would lead to decreased ocean heat and carbon uptake, but an increased diffusion parameter along isopycnals leads to lower ocean heat uptake and higher ocean carbon uptake. The changes in ocean heat and carbon uptake in A h A thkdff 1600 show that changes in the eddy thickness diffusivity outweigh changes in the diffusion parameter along isopycnals. This result agrees with another study (Gnanadesikan et al. 2015b ).
Our results suggest that changes in eddy thickness diffusivity, vertical mixing parameter, and/or vertical mixing scheme scale ocean heat and carbon uptake up or down but do not significantly affect the temporal evolution of the uptake.
b. Effect of different mixing settings on the TCRE
Differences in ocean heat and carbon uptake lead to different TCRE values between model versions. Higher ocean heat uptake leads to less surface air warming because more heat is taken up by the ocean. This can also be seen in Eq. (3). Higher ocean carbon uptake leads to higher cumulative emissions because if more carbon is taken up by the ocean, more carbon can be emitted in order to reach the same atmospheric CO 2 level.
For both higher vertical mixing and lower eddy thickness diffusivity, ocean heat and carbon uptake increase, resulting in a lower temperature change and higher cumulative emissions (see Figs. 1c,d ). As the TCRE is defined as temperature change per cumulative emissions, TCRE values decrease for these mixing changes (Fig. 3b) . Lower vertical mixing leads to higher TCRE values because the effects of changes in vertical mixing are symmetric. Increased isopycnal diffusivity leads to a marginally lower increase in heat flux and a slightly stronger increase in ocean carbon flux. This leads to a marginally stronger warming and slightly larger cumulative emissions. In total the TCRE is lower, and thus the increase in cumulative emission dominates over the increase in warming (cf. black line to red line in Figs. 1 and 3a) .
The total range of the TCRE for all model versions at the time of CO 2 doubling is 1.28-2.18C EgC 21 . Changes in the vertical mixing parameters (green, blue, and purple curves in Fig. 3a) have a much stronger effect on the TCRE than changes in isopycnal mixing, even Ocean heat uptake efficiency k, defined as ratio of net heat flux into the climate system (note that the latter is different from the ocean heat flux shown in Fig. 1 , which is averaged over the surface area of the ocean rather than the entire Earth surface) to global mean surface air temperature change, over time. The efficiency is only shown for 60 yr after quadrupling of atmospheric CO 2 is reached for readability reasons, but the efficiency continues to decline for all model versions under constant atmospheric CO 2 . The gray bar indicates the CMIP5 ocean heat uptake efficiency range (Kuhlbrodt and Gregory 2012) , and the crosses indicate the ocean heat uptake efficiency, both calculated via an ordinary least squares regression between net heat flux into the climate system and global mean surface air temperature change over the first 70 simulation years. though relative changes in the mixing along isopycnals are 300% (relative to the default value of A h ) and 200% for vertical mixing (relative to the center value of k y,const ). A stronger effect on ocean variables from changes in vertical mixing than from changes in isopycnal mixing are plausible as changes in vertical mixing have a strong effect on the density structure of the ocean.
This range in the TCRE is similar to the range in TCRE for CMIP5 models of 0.88-2.48C EgC 21 (Gillett et al. 2013 ) and the most likely range of 0.88-2.58C EgC
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given in the Fifth Assessment Report of the IPCC (Collins et al. 2013 ). However, this should not imply that the TCRE spread between CMIP5 models is solely caused by variations in ocean mixing parameterization as a number of aspects, specifically in biogeochemical processes and the climate feedback parameter, are involved in the CMIP5 model TCRE range (MacDougall et al. 2016) . Plotting the temperature change at the time of doubling CO 2 , a measure also referred to as TCR, versus the airborne fraction of cumulative CO 2 emissions (AF) at the time of CO 2 doubling, gives insights into the contribution of changes in the physical and the biogeochemical parts of the climate system toward the changes in the TCRE (Fig. 3b) . The TCR is a measure of the physical response of the climate system to rising CO 2 levels and is affected by the effect of ocean heat flux on temperature and physical climate feedbacks. The AF is affected by both marine and terrestrial biogeochemical processes and thus is a measure of the biogeochemical response of the climate system. The boxes in Fig. 3b representing AF and TCR for each model version are nested. This means that changes in the TCR and in the AF (i.e., variations in physical and biogeochemical processes between model versions) affect variations in TCRE in the same direction. The exceptions are changes in the mixing along isopycnals, as under this mixing setting changes in the TCR are smaller and opposite in sign compared to changes in the AF. This goes along with minimal changes in the ocean heat uptake and slightly stronger changes in ocean carbon uptake (see Figs. 1a ,b, red curve) for increased diffusivity along isopycnals.
The ocean heat uptake efficiency, defined as the ratio of net heat flux into the climate system to change in global mean surface air temperature, is another factor affected by ocean mixing. A decrease in ocean heat uptake efficiency means an increase in the TCR (Kuhlbrodt and Gregory 2012) and thus the TCRE. The ocean heat uptake efficiency increases for higher vertical mixing and for lower eddy thickness diffusivity (Fig. 3c) , which corresponds to a decreased TCR and TCRE (Figs. 3a,b) . Kuhlbrodt and Gregory (2012) link high ocean heat uptake efficiency to a less stratified ocean as more heat can be transported into the deeper ocean. This link holds true for both increased vertical mixing and decreased eddy thickness diffusivity. Decreased eddy thickness diffusivity leads to steeper isopycnal layers, especially in the Southern Ocean, and thus a weak stratification. The efficiency range given by Kuhlbrodt and Gregory (2012) (Fig. 3c) .
c. Evolution of the TCRE over time
Even with strong changes in ocean mixing parameters, the relationship between global mean temperature change and cumulative emissions remains close to linear within each mixing setting (Fig. 3a) . However, when looking at how the TCRE evolves over time, the TCRE is not constant while atmospheric CO 2 increases (up to 20% divergence from time-mean TCRE value) in our model, but it is approximately constant (maximum 5% divergence from time-mean TCRE value) while atmospheric CO 2 is constant (Fig. 4a) . Our finding of a nonconstant TCRE under increasing CO 2 concentration differs from the finding by Matthews et al. (2009) despite using the same model and prescribing a 1% atmospheric CO 2 increase because we apply a tighter definition of constancy and increase the time scale of our simulations beyond 70 yr. Considering a longer time scale emphasizes variation when the TCRE is plotted over time [cf. Fig. 4a in this study and Fig. 2a in Matthews et al. (2009)] . To further investigate which parts of the climate system contribute to the constancy of the TCRE over time or lead to divergence from a constant value, we consider the separation of the TCRE into the three terms given in Eq.
(1). The first term in Eq. (1), the cumulative AF DC A /CE, is determined by the response of the ocean and land carbon sinks. The second term in Eq. (1) is the radiative forcing per unit change in atmospheric carbon RF/DC A , which expresses the radiative properties of CO 2 . This term, referred to as radiative sensitivity from here on, follows a logarithmic relationship as the radiative forcing depends logarithmically on atmospheric CO 2 levels. The third term in Eq. (1) is the temperature sensitivity DT/RF (i.e., the amount of warming per unit radiative forcing). This sensitivity depends on climate feedbacks and ocean heat uptake and can be analytically described by the last two terms in Eq. (4).
Equation (1) is applied to the simulation results in order to investigate the time dependency of AF, radiative sensitivity, and temperature sensitivity, as well as their role in the constancy of the TCRE. The discussion of the temporal evolution of AF, radiative sensitivity, temperature sensitivity, and the TCRE is separated in 1) the time period of increasing atmospheric CO 2 concentration (simulation years 0-139) and 2) the time period of constant atmospheric CO 2 concentration (simulation years 140-1200), when the system equilibrates to a new state and CO 2 emissions are very low.
1) INCREASING ATMOSPHERIC CO 2
CONCENTRATION
For all mixing settings the AF reaches a minimum and then increases again (Fig. 5a ). It almost instantly reaches a value of around 0.7 and then declines to 0.5 at around year 40 and increases again to around 0.55-0.7. The AF can be expressed in terms of ocean and land uptake fraction [i.e., the fraction of cumulative CO 2 emissions absorbed by the land/ocean; see Eq. (2)]. The ocean carbon uptake fraction increases strongly at the beginning of the simulations and then declines slightly (Fig. 6a) . In contrast, the land carbon uptake fraction first increases over time and then declines strongly (Fig. 6b) resulting from the saturation of land carbon sinks. The saturation of the land carbon sinks can be explained with climate-carbon cycle feedbacks, such as decreased net primary productivity in lower latitudes as a result of high temperatures or increased soil respiration under rising temperatures (Friedlingstein et al. 2006; Zickfeld et al. 2011) . Thus, variations in the AF over time within each model version are mostly caused by the increase and decline of the land carbon uptake fraction. It should further be noted that the ocean carbon uptake fraction varies significantly between model versions, but the land carbon uptake fraction has only small variations between model versions. The land carbon uptake fraction does vary between model versions because the temperature differs, which has an effect on vegetation growth and soil respiration and in turn on land carbon uptake.
In contrast to the AF, radiative and temperature sensitivities decrease or increase monotonically. The radiative sensitivity declines over time (see Fig. 5b ) as the rate of increase in radiative forcing declines with increasing CO 2 levels. The temperature sensitivity increases over time (see Fig. 5c ). Using Eq. (3), this can be explained with a decrease of heat flux into the ocean per unit radiative forcing. Thus over the time of increasing atmospheric CO 2 , AF, radiative sensitivity, and temperature sensitivity vary. The variations in these three terms do not compensate each other very well, resulting in the TCRE increasing first for one or two decades and then decreasing over time (see Fig. 4a ). While the TCRE increases, the increase in temperature sensitivity dominates, as the other two terms of the TCRE decline over that time frame. As the TCRE starts declining, the decline in radiative sensitivity becomes dominant.
As all three terms of the TCRE vary, it could still be that the terms affected by ocean heat and carbon uptake cancel each other out. However, this is not the case (Fig. 7) . The decline in heat flux per radiative forcing dominates over the increase in ocean carbon uptake fraction or land and ocean carbon uptake fraction added together (Fig. 7a , showing the terms containing ocean heat flux per radiative forcing and carbon uptake fractions, which are opposite in sign to ocean heat flux per radiative forcing and carbon uptake fractions). Therefore, both terms of the TCRE containing ocean heat and carbon flux together (i.e., multiplied with each other) increase while atmospheric CO 2 increases (Fig. 7b) , and the effects of ocean heat and carbon uptake on the TCRE do not compensate each other.
The result that all three responses in the TCRE vary is consistent with the findings by MacDougall and Friedlingstein (2015) for exponentially increasing emission rates (the simulations presented here also have increasing emission rates).
2) CONSTANT ATMOSPHERIC CO 2 CONCENTRATION While atmospheric CO 2 levels are constant (years 140-1200) the radiative sensitivity is constant, the cumulative AF declines, and the temperature sensitivity increases (see Fig. 5 ). The cumulative AF changes mostly because of an increase in the ocean uptake fraction; the land uptake fraction exhibits only minimal variations over time while atmospheric CO 2 levels are constant (see Fig. 6 ). The TCRE abruptly increases at year 140 (see Fig. 4a ) because the emission rates change abruptly from increasing emission rates of up to 30 PgC yr 21 to close to zero emissions. After an adjustment time of about a decade the TCRE is approximately constant (see Fig. 4a ) due to a compensation between the decline in AF and the increase in temperature sensitivity. The AF only varies as a result of changes in ocean carbon uptake, and the temperature sensitivity changes only as a result of changes in the ocean heat flux [see Eq. (4)]. Ocean carbon uptake declines, which leads to a less strong increase in the ocean carbon uptake fraction and thus a decrease in the airborne fraction. The decrease in ocean heat uptake leads to a stronger increase in temperature change and thus an increase in the temperature sensitivity. Hence the effects of ocean heat and carbon uptake have opposite effects on the TCRE. This suggests that the approximate constancy of the TCRE is caused by the compensation of the terms of the TCRE including ocean heat and carbon fluxes [see Eq.
(4) and Fig. 7 ]. This compensation is independent of whether land carbon uptake is taken into account because the land uptake fraction does not change over time. The constancy of the land uptake fraction, however, may be model dependent. These results agree with the findings by Goodwin et al. (2015) and confirm the hypothesis that the compensating effects of ocean heat and carbon flux on the climate system lead to an approximately constant TCRE over time.
That ocean heat and carbon uptakes compensate each other despite the differences between them indicates that those differences (listed in the introduction in detail and summarized below) have secondary effects under constant atmospheric CO 2 concentrations. The time scales of air-sea equilibration are nine months for carbon but less than a month for heat. Both equilibration time scales are short compared to the decadal to centennial time scales considered in this study. The effects of ocean biology and solubility on ocean carbon uptake are difficult to diagnose, but these effects appear to be relatively small while atmospheric CO 2 is constant. The effect of changes in ocean circulation on redistribution of heat and carbon and in turn on their air-sea fluxes together with the differences in the atmospheric boundary conditions could be small under constant forcing. However, this effect could play a role under increasing atmospheric CO 2 concentration where the effects of ocean heat and carbon uptake do not cancel each other out. It should be noted, though, that the effect of changes in ocean circulation on ocean heat uptake may be smaller in the UVic ESCM than in atmosphere-ocean general circulation models (AOGCMs) as changes in cloud cover increase the cooling effect from changes in ocean heat uptake resulting from changes in ocean circulation (Trossman et al. 2016) , and the UVic ESCM does not include changes in clouds. Thus it could be that in AOGCMs the TCRE is not constant under constant forcing, at least while there is still an effect from changes in ocean circulation, as these changes in ocean circulation have a stronger effect on the ocean heat uptake than ocean carbon uptake and their effects on temperature (Winton et al. 2013) . For example, Frölicher and Paynter (2015) show a nonconstant TCRE for the Earth system model (ESM) from GFDL from direct simulations and for other CMIP5 AOGCMs by temporally extending CMIP5 simulations using a theoretical approach.
The paragraphs above discuss to what extent and why the TCRE remains approximately constant over time within each mixing setting. Temporal variations in the TCRE, along with the compensating mechanism leading to an approximately constant TCRE over time while atmospheric CO 2 is constant, remain surprisingly consistent across model versions (see Figs. 4a and 5) . To further test whether variations in mixing parameters cause compensating variations in ocean heat and carbon fluxes such that the TCRE remains constant, the TCRE is calculated using global mean temperature change from one model version and cumulative emissions from a different model version. We sampled over all possible combinations of temperature change and cumulative emissions (see Fig. 4a , gray shading) in such a way that for each ratio between temperature change and cumulative emissions, heat and carbon fluxes are affected by different ocean mixing settings. We find that the temporal evolution of the TCRE does not change significantly (see Figs. 4a ,b, gray shading) despite temperature change being affected by, for example, low ocean heat flux and cumulative emissions being affected by high ocean carbon flux or vice versa. The time derivative of the TCRE (see Fig. 4b ) is used as a measure of the constancy of the TCRE over time. This derivative is largely insensitive to whether temperature change and cumulative emissions are taken from the same or different model versions because the rate of change of the AF and the temperature sensitivity over time are similar enough between mixing settings (curves in Figs. 5a,c are approximate multiples of each other). These similarities in the temporal evolution of the AF and the temperature sensitivity between model versions with different mixing settings suggest that changes in ocean heat and carbon fluxes scale linearly with changes in vertical diffusivity (which have the largest effect on ocean heat and carbon fluxes). We show a linear correlation between ocean heat and carbon uptake and vertical diffusivity within each vertical mixing scheme (Fig. 2) . This leads to higher (lower) ocean heat and carbon uptake and lower (higher) global mean temperature change and higher (lower) cumulative emissions but does not affect the trajectories of these variables. Therefore, the magnitude of the TCRE is affected if temperature change and cumulative emissions are taken from different simulations but the TCRE remains approximately constant over time. This linear scaling between diffusivities and ocean heat and carbon fluxes might be specific to the UVic ESCM as mixing parameterization and effects on the fluxes may vary.
Conclusions
Different model versions of the University of Victoria Earth System Climate Model are generated by changing the ocean mixing parameterization. These model versions are forced with a 1% yr 21 increase in atmospheric CO 2 until quadrupling of the preindustrial CO 2 concentration and constant concentration thereafter. Despite significant changes in ocean mixing between model versions, the relationship between temperature change and cumulative emissions remains close to linear within each model version (see Fig. 3a) . However, the magnitude of the TCRE differs between model versions with a total range of the TCRE at the time of CO 2 doubling of 1.28-2.18C EgC 21 . These differences in the TCRE are due to changes in both the physical and biogeochemical response of the system as the two components of the TCRE, the AF at the time of CO 2 doubling and the TCR, change in the same direction in each model version (i.e., a larger AF is associated with a larger TCR and vice versa; see Fig. 3b ).
Variations in the vertical ocean mixing lead to stronger changes in heat and carbon fluxes, and thus in the TCRE, than changes in mixing along isopycnals (see Figs. 1a, b) . Therefore, constraining the vertical ocean mixing parameterization could help constrain the TCRE. Thus, a next step could be to run a historical simulations with the different model versions in order to compare them to observational data such as surface air temperature data or ocean tracer distributions. The TCRE is approximately constant while atmospheric CO 2 concentrations are constant (5% variation from mean TCRE value), but it is not constant (up to 20% deviation from mean TCRE value) while atmospheric CO 2 increases (see Fig. 4a ). Separating the TCRE into AF, radiative sensitivity (radiative forcing per unit change in atmospheric CO 2 ), and temperature sensitivity (temperature change per unit radiative forcing) reveals that all three sensitivities vary while atmospheric CO 2 concentrations increase, but changes in temperature sensitivity and AF compensate each other in all model versions while atmospheric CO 2 concentrations are held constant (see Fig. 5 ). This compensation is due to the compensating effects of ocean heat and carbon fluxes on the TCRE. The TCRE remains approximately constant even if the temperature sensitivity and AF, which are determined by ocean heat and carbon fluxes respectively, are taken from model versions with different ocean mixing settings. This could be explained with temperature sensitivity and AF having similar trajectories under different mixing settings. This suggests that changes in ocean heat and carbon fluxes scale linearly with changes in vertical mixing (see Fig. 2 ). The effects of changes in mixing along isopycnals on ocean heat and carbon fluxes, and in turn on temperature sensitivity and AF, are too small to affect the temporal constancy of the TCRE.
In summary, the responses of ocean heat and carbon fluxes do not compensate each other very well, and the TCRE is not constant while atmospheric CO 2 concentrations increase, or more generally while emission rates vary strongly, but is approximately constant while atmospheric CO 2 is constant. This constancy of the TCRE arises because of the compensating effects of ocean heat and carbon fluxes. The land carbon uptake plays only a minor role while atmospheric CO 2 concentrations are constant as the land carbon uptake fraction exhibits only small variations. Thus for the case of constant atmospheric CO 2 our findings confirm the hypothesis that the evolution of ocean heat and carbon fluxes over time is similarly determined by vertical mixing processes, leading to compensating changes in temperature sensitivity and AF, and an approximately constant TCRE.
